The mature apo Very Low Density Lipoprotein n (apo VLDLn) mRNA appears in chicken liver within a few hours after estrogen administration Apart from this mRNA species, shorter RNA molecules hybridizing to apo VLDLn sequences have been detected In rooster liver upon estrogen stimulation These molecules are present In the non-polyadenylated fraction of the total cellular-and polysomal RNA. Northern blotting and electron microscopy of R-loops were employed to show that these shorter RNA molecules are truncated at their 3'-end The 3'-termlnl were further characterized by nuclease SI analyses, and are located predominantly In the 3' untranslated region of the mRNA. Using a secondary structure model (Shelness and Williams, J. Blol Chem 2M, [8637][8638][8639][8640][8641][8642][8643][8644][8645][8646] 1985), we show that the 3 1 termini map mainly In unpaired regions of the structure INTRODUCTION
INTRODUCTION
Turnover of specific messenger RNAs emerges as an important process over and above trarrscriptlonal regulation in determining mRNA abundance. The Inherent stabilities of individual mRNA species differ widely, even within the same cell, or are dependent on the differentiation status of the cell (1) . Moreover, the steady state levels of some mRNAs can be affected by factors, such as hormones, that alter their decay rates (for a review see 2) Degradation of mRNAs, at least In a number of cases, appears to be Initiated at or near the 3' end of the molecules (3; 4). The 3' untranslated region has been implicated in mRNA stability; for example In the c-fos gene sequences are present affecting decay (5) . Recently, AU-nch sequences have been identified that act as destabilizing elements (6) Such elements could serve as specific sites for endonucleolytic attack (4,7) that would generate the 3' termini for further exonucleoryt'c cleavage. The involvement in eukaryotic mRNA turnover of en2yrnes with these specificities has not yet been established (8) .
Steroid hormones are not only capable of Influencing the amount of specific mRNAs by transcriptional regulation (9) , but also of modulating their rate of degradation (10, II, 12, 13) . One example Is the estrogen-Induced synthesis of the major egg-yolk proteins, apo Very Low Density Lipoprotein n (apoYLDLn) and Vitellogenin (Vtg), In chicken liver (14) . Once the genes are transcriptionally activated by the hormone, the mRNAs accumulate to high abundancy because of their long half-life. This half-life Is also Influenced by estrogen; when the hormone Is withdrawn, the half-life decreases dramatically ( II, 12, 13, 15) How the hormone is able to influence the stability of the mRNAs is not clear For the Xenopus laevis Vtg mRNA it has been suggested that the increase In mRNA half-life is caused by a protein that binds to the mRNA in 8n estradiol-dependent manner (II) More recently, in the case of the chicken apoYLDin and Vtg mRNAs, it has been suggested that estrogen regulates a specific degrading activity, that is only active once estrogen Is withdrawn (13) Characterization of the decay products of these estrogen regulated mRNAs and analysis of the sites of attack, could provide clues for the mechanism of breakdown and its regulation by the hormone In this paper we present the identification of 3' truncated derivatives of the epoVLDLn mRNA, using Northern blot analysis and electronmtcroscopy By nuclease SI analysis it was found that the termini are predominantly present in the 3' untranslated region of the mRNA. When these termini are plotted in a secondary structure model, that has been proposed for the apoVLDLII mRNA (16) , it appeared that they occur in AU-nch sequences present in unpaired regions of this structure. The possible significance of these findings to the estrogen regulation of apoVLDLII mRNA stability Is discussed.
MATERIALS AND METHODS

RNA preparation
Roosters (White Leghorn) were injected subcutaneously with 50 mg estradlol/kg body weight. After four days their liver was removed and total cellular RNA was Isolated according to Auffray and Rougeon (17) . Polysomal RNA was extracted with the same method from large scale preparations of liver poh/somes (18) Polyadenylated RNA was Isolated from total cellular or polysomal RNA by affinity chromatography on oligo(dT)-cellulose (CF type 3, Collaborative
Research Waltham, MA, USA) as described by Aviv and Leder (19) To obtain a non-polyadenylated RNA fraction free of mRNA, RNA was passed three times through the affinity column RNA was fractionated on sucrose gradients (20) in order to remove the bulk of rlbosomel RNA before electron microscopy and nuclease SI analyses.
Northern blotting
Typically, 50 ug of total cellular RNA denatured with glyoxal, was run on a 13* agerose gel in 10 mM phosphate buffer pH 7.0 with buffer circulation (21) . The gel was blotted Nuclease SI mapping
Nuclease SI mapping of 3'-ends of the truncated RNA molecules was earned out using the procedure of Berk and Sharp (30) , as modified by Weaver and Weismann (31) . Hybrids between a 351 bp Hinfl-TaoJ fragment overlapping the 3' end of the mature apoVLOLn mRNA (Fig. 5B) , and different RNA preparations were digested with 300 units nuclease SI at 37 'C for 60 mtn The solution was extracted with phenol, DNA was precipitated and analyzed on a 6% sequencing gel.
RESULTS
Northern blot analysis
Northern blot analysis of total cellular RNA using apoVLDLn clone 12Bg2.9 as a probe (see Fig. 1 ) displays the mature mRNA as the predominant band ( Fig. 2A) . Given the size of the combined exons encompassing 656 nucleottdes, the apparent mRNA size of about 880 nucleotides allows for a poly-A tail of about 200 residues. In addition to, and migrating faster than the mature mRNA, minor bands can be observed having apparent sizes between 650 to 450 nucleotldes ( Fig. 2A lane 1) . These RNAs lack a poty-A tall, as con be concluded from their inability to be retained on oligo-dT cellulose ( Fig. 2A lane 2) The smaller RNAs were unable to hybridize with Intron specific probes, excluding the possibility that they represent aberrant splicing intermediates or excised introns (data not shown). Moreover, the RNA pattern obtained with cDNA probes Is similar to those obtained with the genomic probe I26g2.9 ( Fig. 2A , compare lane I and 3). These Initial observations suggested that the smaller RNAs could be 3' truncated mRNA molecules which are likely intermediates of mRNA turnover. In support of the smaller molecules being 3' truncated to varying degrees, is the observation that a 3' proximal probe ( Fig. 1, e3) does not hybridize to the shortest molecules with a cut-off value below 550 nu- figure 3D . The distance of the VLDL insert (black box) to the EcoR I sites (E) is given in basepairs cellular non-polyadenylated RNA, fractionated on a sucrose gradient to remove the bulk of ribosomal RNA. All molecules formed contigous hybrids over their entire length excluding the presence of extensive intron sequences. Length measurements of a number of hybridized transcripts showed that the length varied, but that most molecules were shorter than the mature apoVLDLH mRNA (Fig. 3A-C) . The cDNA clone had been cut with EcoRI to generate a linear DNA with the cloned insert located asymmetrically in the DNA (Fig. 3D ). This allowed us to map the 5' and 3' ends of the RNA molecules forming the R-loop structures. The positions of the 5' and 3' ends of the transcripts were plotted against the distance to the nearest EcoRI site (Fig. 3D) . It appeared that the 5' ends of the small RNAs were relatively constant (Fig. 4A) , while the position of the 3' ends varied and correlated positively with the lengths of the RNA molecules (Fig.   48 ). These results confirm that the small RNAs are 3' truncated mRNA molecules.
Nuclease SI analysis
Northern blot analysis had revealed shorter RNA molecules derived from the apoVLDLn mRNA, suggesting the existence of preferred 3' termini.
Knowing the position of the termination codon which lies at nucleotide 393, we conclude that most of the 3' termini map within the 3' untranslated sequence. To map the 3' termini more precisely, we performed a nuclease SI analysis from the Hinfl site at position 325 in the mRNA, using a fragment of 351 nt extending downstream and overlapping the authentic site of poly-A addition (Fig. 5B) . Whereas the polyadenylated RNA fraction yields only one band of the expected length of 329 nt ( Fig. 5A lane 2) , the non-polyadenylated RNA fraction from total cellular and polysomal RNA yields several distinct bands (Fig. 5A) . It is clear that there are more of these truncated molecules present in the polysomal non-polyadenylated RNA than in the cellular non-polyadenylated RNA (Fig. 5A, compare lanes 3 and 4) . This result shows that the non-polyadenylated fraction consists of RNA species possessing different 3' termini mapping within the last 200 nucleotides of the mRNA. When the 3' termini were plotted on the sequence, it appeared that they occur predominantly at AU-rich sequences (Fig. 6) .
DISCUSSION
Using Northern blotting we have detected discrete RNA molecules that are shorter than the mature apoVLDLn mRNA. These shorter RNAs contain exon information, and appear to arise from the mature mRNA by truncation at the 3' end. This observation was further supported by the results from electron microscopy and nuclease SI analyses. We propose that these shorter RNA molecules are turnover products of the apoVLDLn mRNA, and are formed when the mRNA is occupied by ribosomes. This view is supported by the observation that the truncated molecules are present in larger quantities in the polysomal non-polyadenylated RNA fraction as compared to cellular non-polyadenylated RNA. This implies that the generation of truncated molecules continued during the procedure of polysomal isolation. The nuclease SI analysis shows that the polysomal breakdown yields the same products as are present in smaller quantities in the total cellular non-polyadenylated RNA fraction. We find it unlikely that they are generated through the action of a-specific nucleases released upon cell lysis. Activity of these enzymes was effectively inhibited in the applied isolation procedure, which proved capable to yield polysomes as large as the vitellogenin 35-mer (32) . Truncation of the apoVLDLn mRNA may therefore h8ve been caused by 8 specific nuclease, probably one that copurifies with the polysomes (4, 33) .
Regarding this, it is interesting to note that Gordon et al (13) proposed a specific apoVLDLn 8nd
Vtg mRNA destabilizing activity that becomes active upon estrogen withdrawal.
Closer examination of the sequence shows that cleavage occurs preferentially at AUrfch sequences (Fig. 6) . A similar preference has been reported for the cleavage sites in the 3' untranslated region of the rabbit p-globin mRNA attacked by endogenous nucleases (7), and of the human c-myc mRNA in a cell-free system (4). It has been proposed that the AU-rich sequences are recognition signals for a mRNA processing pathway that specifically degrades mRNAs of certain proteins (6).
Based on the secondary structure proposed for the apoVLDLn mRNA (16), we conclude that the cleavage sites are preferentially present in unpaired regions (bulges and loops). It could be envisaged that unpaired regions or other features of the secondary structure are recognized by protein factors that regulate the cleavage of the mRNA in an estrogen-dependent manner. This would imply there being similar sequence elements in the 3' untranslated regions of the apo VLDLn 8nd Vtg mRNAs that are involved in binding a protein (25, 34) . A number of similarities between the untranslated regions of both mRNAs have indeed been found,located predominantly in loops of the apo VLDLn secondary structure (Fig. 6 , Bold type). The heptamer sequence AMU6UU for example is present in both mRNAs. We also noticed a remarkable similarity with a potential loop forming sequence present in several copies in the 3' untranslated region of the transferrin receptor mRNA (35) . This stem-loop structure has been implicated in the iron control of mRNA stability through binding of a modulating protein. The sequence of one of these loops perfectly matches the GCAGUGUC sequence present in a loop in the apoVLDLH mRNA secondary structure at 47 nucleotides from the stop codon (Fig. 6 ).
The involvement of specific proteins in the stabilization of mRNAs has been described (33, 35) and suggested , for instance for the Xenopus leevis Vtg mRNA (II). Suitable DNA constructs have been made in our laboratory (J. Wijnholds, unpublished results) to serve as templates for the preparation in vitro of larger quantities of polydenylated apoVLDLn mRNA, which will be used to study specific RNA-protein interactions.
